Abstract: Treatment of systemic-onset juvenile idiopathic arthritis is challenging, but the availability of cytokine antagonists targeting interleukin-1 and interleukin-6 have markedly advanced the therapeutic options. In this review, we focus on the current experience with canakinumab, an interleukin-1 monoclonal human antibody for the treatment of systemic-onset juvenile idiopathic arthritis and describe its efficacy and safety. Canakinumab is an important, safe, and valid drug in the treatment of systemic-onset juvenile idiopathic arthritis.
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Peitz and Horneff on T-cells were detected early on. IL-1 induces expression of numerous proinflammatory genes, including the cyclooxygenase type 2 gene, which is important for rheumatic inflammation. It enhances the expression of intercellular adhesion molecule-1 and other adhesion proteins, thereby enhancing intercellular adhesion and activation. Injection of recombinant IL-1 leads to fever, arterial hypotension, and severe flu-like symptoms, with myalgia, headache, body aches, and loss of appetite. IL-1 may therefore be responsible for many of the symptoms of inflammation, and by influencing the activity of osteoclasts and osteoblasts, even for the appearance of osteoporosis in systemic inflammation, as in soJIA.
The biologic effects of IL-1 can be neutralized as outlined in Figure 1 . The first published report of successful treatment of systemic JIA with IL-1 inhibition occurred in 2004 with the report of a remarkable response in two patients whose severe disease manifestations were previously refractory to other therapies. 22 At about the same time, other researchers found that serum from children with soJIA induced the transcription of IL-1β-related genes in the peripheral blood mononuclear cells of healthy controls. Based on this finding, these investigators treated patients with soJIA with anakinra, an IL-1 inhibitor, and achieved a dramatic clinical response. For example, seven of nine patients who were refractory to prior therapies achieved a remission. These data prompted clinicians to use anakinra for the treatment of soJIA in clinical practice, as reported in several case series. An early report showed a remarkable response to treatment with anakinra in ten of 21 patients. In these patients, it seemed that those with fewer involved joints might benefit more from anakinra therapy than those with arthritis in many joints. 18 A larger retrospective case series of 46 patients with soJIA was limited to children who received anakinra as part of their initial glucocorticoid-sparing treatment regimen or even as of soJIA include growth impairment, osteoporosis, and the macrophage activation syndrome, which is potentially lethal ( Table 2) . [6] [7] [8] The aim of treatment is to reach inactive disease or even remission as defined in Table 3 . Current treatments for soJIA have proved largely unsatisfactory. [9] [10] [11] [12] Management of the disease relies on corticosteroids. Children with soJIA do not respond well to disease-modifying agents such as methotrexate, and poor responses have also been reported with newer agents, such as anti-tumor necrosis factor. 13 Several reports have suggested a major role for cytokines in the disease, such as interleukin (IL)-6 and, more recently, IL-1β.
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Canakinumab in systemic-onset juvenile arthritis first-line monotherapy. Fifty-nine percent of these patients showed a good clinical response. Of ten patients who received anakinra as first-line therapy without any glucocorticoids, eight achieved a complete remission.
In addition to anakinra, other IL-1 inhibitors have been developed and subsequently studied for soJIA (Table 4) . Currently, there are three different biological inhibitors of the IL-1 pathway available: anakinra, an IL-1 receptor antagonist with a relatively short half-life; canakinumab, a human IL-1β antibody with a long plasma half-life; and rilonacept, an IL-1 receptor fusion protein.
Canakinumab in soJIA
Canakinumab is a human monoclonal antibody (Table 4) . Its half-life in plasma is 23-26 days, which is much longer than that of IL-1β. It binds Il-1β selectively and prevents binding of IL-1β to the IL-1 receptor. Furthermore, canakinumab does not bind IL-1α or the IL-1 receptor antagonist, and does not interact with the IL-1 receptor.
Canakinumab is given as a subcutaneous injection once a month. It has proven efficacy in the treatment of genetic fever syndromes and autoinflammatory diseases, including cryopyrin-associated periodic syndrome, 23 familial Mediterranean fever. 24 More recently, positive case reports and small case series in hyper-IgD syndrome, 25 tumor necrosis factor receptor-associated periodic fever syndrome, 26 Schnitzler's syndrome, 27, 28 Behçet's disease, 29 and other immune-mediated diseases, [30] [31] [32] [33] make canakinumab an interesting option for use in systemic arthritis, 23 which has found its way into recent recommendations. 34 Not surprisingly, it has also been shown to be effective in adult Still's disease. 35 In a Phase II trial that included children with soJIA, 23 children and adolescents aged 4-19 years received a single injection of canakinumab with doses from 0.5 to 9 mg/kg. That trial was an open-label study of dose escalation. 36 Canakinumab was readministered at the time of recurrence of disease. Thirteen of 22 (59%) patients showed an immediate response, with an improvement of at least a PedACR50 (American College of Rheumatology Pediatric Criteria) by day 15, which defines an improvement of at least 50% in at least three of six parameters without worsening of more than one of the remaining parameters. These six parameters include global disease activity by physician's and parent's evaluation, functional disabilities by the Childhood Health Assessment Questionnaire, systemic inflammation as determined by erythrocyte sedimentation rate, number of joints with active arthritis, and number of joints with limited range of motion. Inactive disease, defined as the absence of any disease activity indicator, was achieved in four patients (18%). Seventeen of the 23 patients were previously treated with anakinra. Six of eleven patients who had not responded to anakinra before achieved at least a PedACR50 response by day 15 after a single dose of canakinumab. This shows that failure of previous anakinra therapy does not seem to be a negative predictor of response to treatment with canakinumab. The best predictor of improvement from baseline was a low number of active joints, an observation that seems similar to that seen with anakinra. The median time to recurrence of disease activity correlated to the dosage as well as the probability of recurrence within 1 month. With 4 mg/kg of canakinumab given subcutaneously once per month the rate of relapse in between 1 month was estimated to be 6%. The injections were well tolerated. Side effects were mild to moderate, mainly comprising infections and gastrointestinal disturbances. Three serious adverse events were observed.
In a unique investigational plan, two randomized placebo-controlled trials were performed, including a total of 177 patients. In the first placebo-controlled, double-blind study of soJIA, 84 patients with systemically active JIA (fever was obligatory) received a single subcutaneous injection of canakinumab 4 mg/kg (maximum dose 300 mg) or placebo. 37 Eligible children were aged 2-19 years with soJIA and had active systemic features and arthritis (two active joints, intermittent spiking fever .38°C, and a C-reactive protein level .30 mg/L [normal range ,10 mg/L]). Background therapy with a prednisone equivalent of 1.0 mg/kg/day and stable doses of nonsteroidal anti-inflammatory drugs and 
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Peitz and Horneff methotrexate (up to a maximum of 20 mg/m 2 /week) were permitted. Major exclusion criteria were concomitant treatment with another biologic or disease-modifying drug, diagnosis of macrophage activation syndrome within the previous 6 months, active tuberculosis, and a live vaccination within 3 months prior to enrollment.
The primary outcome criterion was achievement of at least an adapted PedACR30 response and no fever. Patients with continuing fever could be unblinded from day 3, and if they had received placebo, they were offered canakinumab in an open trial arm. Six patients (14.0%) on canakinumab and 37 (90.2%) on placebo discontinued prematurely, all due to an unsatisfactory response. On day 15, 36/43 (83.7%) patients in the canakinumab group and 4/41 (9.8%) of patients in the placebo group met the primary endpoint of a modified PedACR30 with simultaneous defervescence. The difference was highly significant (Figure 2) . Furthermore, at day 15, 14 (32.6%) patients on canakinumab versus none on placebo reached inactive disease status. One patient in each group developed a macrophage activation syndrome, and also one patient in each group got a serious infection.
Patients in the above-mentioned first controlled trial could change to a second study with a withdrawal design. Seventyone patients from this trial, ten from the above-mentioned Phase II trial, and 96 newly enrolled patients contributed to the total of 177 patients who received canakinumab 4 mg/ kg, with a maximum of 300 mg every 4 weeks. In the openlabel phase of the study, all patients received canakinumab. In this first part of the study, the primary outcome criterion was a reduction in the steroid dose taken by at least 25% of patients at entry to the study by week 20. For this, a standardized corticosteroid-tapering protocol was permitted from week 9 to week 28 patients who achieved at least an adapted PedACR50 response. Corticosteroids were used by 128 of 177 patients (72.3%) patients at study entry. Forty-two of 128 patients (32.8%) were able to stop corticosteroids on treatment with canakinumab and 57 of 128 patients could reduce their steroid doses. The mean daily dose of corticosteroids decreased from 0.34 mg/kg to 0.05 mg/kg. Thus, the primary goal of this part of the study was reached. The secondary endpoint of the study was the proportion of patients achieving an adapted PedACR30/50/70/90/100 response or inactive disease. At day 15, 81.3%, 74.1%, 58.3%, 34.5%, 18.0%, and 16.4% already fulfilled these response criteria (Figure 3 ).
If patients improved by reaching the goal of decreasing pre-existing steroid doses or discontinued steroids, they were then transferred into the second part of this study, ie, the double-blind, placebo-controlled withdrawal phase. One hundred 
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Canakinumab in systemic-onset juvenile arthritis patients qualified and were admitted to this rando mized part of the study in which occurrence of a predefined flare of the disease was the primary outcome criterion. In this part, the median time to onset of a disease relapse was 236 days (95% confidence interval 141-449) in the placebo cohort and was not determinable for canakinumab, since less than 50% of the patients ever had a relapse. This corresponds to a relative risk reduction of 63% (Figure 4) . Patients who flared were immediately transferred to the open-label extension part of the study. The withdrawal phase was terminated after 37 patients had flared. Subsequently, all patients were transferred from an observational study to an ongoing open-label extension.
Thirty-nine (78%) patients remained flare-free in the canakinumab arm versus 24 (48%) in the placebo arm, with a statistically significant 63% relative risk reduction for experiencing a soJIA flare (hazard ratio 0.37; 95% confidence interval 0.17-0.78; P=0.0043). Corticosteroids were used by 128/177 (72.3%) of patients at study entry.
At the end of the second part of the second trial, 41/50 (82%) patients in the canakinumab group had a minimum adapted PedACR70 response and 31/50 (62%) had inactive disease status compared with 31/50 (62%) and 16/50 (32%), respectively, in the placebo group ( Figure 5 ).
Canakinumab in other immunemediated diseases
In a three-part, 48-week, double-blind, placebo-controlled, randomized withdrawal study of canakinumab in patients (B) Trial 2 was a three-phase trial. In the first phase, attempts were made to decrease the dosage of oral corticosteroids or even to discontinue corticosteroids. Next, patients were entered into a withdrawal phase in which they were randomized to receive canakinumab or placebo, with disease flare as the primary outcome parameter. The third phase of trial 2 was an open-label extension study. Abbreviation: SC, subcutaneous.
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Peitz and Horneff with cryopyrin-associated autoinflammatory syndrome, treatment with subcutaneous canakinumab once every 8 weeks was associated with a rapid remission of symptoms in most patients. 23 Following this study, canakinumab became approved as the first IL-1 blocker in 2011.
In a two-part, open-label, single-arm Phase II study, the long-term therapeutic effect of canakinumab was demonstrated in subjects aged 4-16 years with colchicine-resistant familial Mediterranean fever and a history of at least three documented attacks in the 3 months prior to enrolment. 24 Treatment with canakinumab in an 8-year-old girl with a clinical picture of hyperimmunoglobulinemia D syndrome, that had started before the end of the first year of life, resulted in disappearance of febrile attacks and a considerable improvement in the patient's quality of life during a 12-month follow-up period. In this case report, the drug was well tolerated, and no side effects were observed. 25 The efficacy and safety of canakinumab has been assessed in a pilot study of 20 patients with active tumor necrosis factor receptorassociated periodic fever syndrome. In this study, canakinumab 
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Canakinumab in systemic-onset juvenile arthritis produced a rapid and highly effective clinical and serological benefit which was maintained for at least 4 months. 26 A randomized, double-blind, placebo-controlled study of canakinumab in patients with these hereditary autoinflammatory disorders (tumor necrosis factor receptor-associated periodic fever syndrome, hyperimmunoglobulinemia D syndrome, familial Mediterranean fever) is currently recruiting.
In a 9-month study, monthly injection of canakinumab was an effective and well tolerated treatment for Schnitzler's syndrome, a chronic disabling autoinflammatory disorder characterized by chronic urticaria, paraproteinemia, and severe systemic inflammation, 27 as shown in other case reports. 28 In a report of three adult patients with Behçet's disease refractory to treatment with corticosteroids and different combinations of immunosuppressant agents who received canakinumab, prompt and sustained clinical efficacy was demonstrated, and canakinumab was seen as a therapeutic option for resistant or refractory Behçet's disease. 29 In this single-center, open-label pilot study, the effects of canakinumab on clinical signs and symptoms, quality of life, inflammation markers, and cytokine levels were investigated in ten patients with active urticarial vasculitis, and the efficacy and safety of canakinumab was documented. 31 Khanna et al systematically reviewed the published data on the pharmacologic and nonpharmacologic agents used for the treatment of acute gouty arthritis, and found evidence to suggest the efficacy of treatment of acute gout with canakinumab, on a comedication with nonsteroidal anti-inflammatory drugs, selective cyclooxygenase type 2 inhibitors, corticosteroids, and colchicine.
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Safety of canakinumab in soJIA
As far as we can see at the moment, adverse events with canakinumab are manageable. In most cases, the adverse events are infections. Nevertheless, in one study, macrophage activation syndrome occurred in two patients, one of whom died. 35 Macrophage activation syndrome is a well-known potential lethal complication in autoinflammatory diseases, and especially in soJIA. Despite this report, canakinumab can be considered as well tolerated. Even in patients with comorbidities like type 2 diabetes mellitus, the adverse events reported were manageable, 38 although long-term observation and further studies are needed.
Conclusion
The more we know about the pathophysiology of inflammation and its pathways, the more specific targets we can find to control it. IL-1 is a global player in inflammation, and by blocking it we have a way to block inflammation very specifically with few side effects. With improving genetics and panels of ILs, we might in future even know in advance which patients to treat with which drug in the form of personalized medicine. Canakinumab seems to be one of the drugs for this approach.
In summary, canakinumab seems to be very effective in the treatment of soJIA. Its subcutaneous application is of benefit for patients who need to treated for a prolonged period of time.
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